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TECHNICAL NOTE NO. S72 



TORSION TEST OE A MOITOCO'^US BOX 

3y Samuel Levy, Al"ber"t E, McPherson, and 
Walter Ramberg 



SUMMARY 



A monocoaue box of aluminum alloy was cjub i eo t ed to 
torques applied at the ends. The twi^jt; the strain in 
the stringers, plate, and corner posts," v^nd the huckling 
load were measured. . The twi^t wag found to he 20 to 50 
percent les<^ than that given hy Predt's -theory for the 
torsion of a thin-walled "box withoiit reinforcements and 
the shear stress in the shear weh , ahout 13 percent 
greater. 

In order to ohtain closer agreement between theoret- 
ical and experimental results, an analysis ^•-■^s developed 
for the twisting of a monocoque box' reinforced by string- 
ers, corner posts, and bulkheads. The mieasured twist 
agreed within 10 percent with this analysis. The measured 
and theoretical values for the strains and buckling load 
agreed within the error of observation. 



INTRODUCTION- 



As a part of an investigation for the NACA on mono- 
coque boxes, there was described in reference 1 results 
of com.pression tests. Torsion tests of the same specimen 
are reported in this paper. The torsion tests are de- 
signed to give irformation on the following points: 



1. The agrpemient bft^een th^ measured t^^^i^t in a 

reinforced box and the theoretical twist for 
a simplified box without reinforcements given 
by R/Sredt (reference 2, p. 270 ) 

2. The effect of buckling on the torsional stiff- 

ness 
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3. The magnitude of the shearing stres^^ie*^ and of 

the induced stresses due to "bending 

4. The variation in twist of the box with distance 

from the ends 

5. The effect of the longitudinals and "bulkheads 

on the stiffness of the box 



SPECIMEN 



The dimensions of the monoc ooue-b ox specimen are 
given in figure 1. The box was fabricated from 24S-T 
aluminum alloy; 0.075-irch sheet was usvd for the shear- 
web sides, and 0.036-inch sheet reinforced by Z-st ringers , 
spaced 4 inches on centers, was used for the top and the 
bottom sides of the box. The stringers were fastened to 
the sheet by l/8-inch brazier-head rivets, spaced 7/8 inch 
on centers. There were four in t er:::ed i at p bulkheads and 
antiroll members, sTDaced at 19 inches. 

Particular care was taken ir. r e in f or c inr^; the ends of 
the box to avoid concentration of the stresses on partic- 
ular portions of the box. The reinforcements, consisting 
of steel angles and plates, are shown in figures 1, 2, and 
3. Figure 3 also. shows the construction of the bulkheads. 

Tensile and compressive str<= ss-st rain curves of mate- 
rial from the corner posts, the stringers, and the sheet 
used in assembling the m. onocooue box are given in refer- 
ence 1. Young's FiOdulus and the yield strength, obtained 
from the gtress--s train -curves by -the 0 . 002--of f se t method, 
are listed in table I. • 



TEST PROCEDURE 



Figure 4 shows the monocoo'de-'box specimen A mounted 
for a torsion test in a large lathe. The following pro- 
cedure was used in mounting the • spe c i men . First the 
specimien was centered in the lathe. Then one steel end 
plate -was rigidly clamped on the face plate B of the 
lathe while the other was supported on tiie dead center in 
the tailstock by a ball bearing. This ball bearing was 
a single-row type that permitted slight rocking of the 
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inner race. A sleeve was pressed on the dead center and 
ground to fit the inner race hole with a clearance of 
0.005 inch in order t-o permit longitudinal motion. 

Torque wai=i applied to the specimen "by the jack G 
acting on the lever D, The torque thus applied was re- 
sisted by a stop placed "between a face-plate jaw and the 
lathe hed. The force exerted hy the jack was meaf^ured 
with a weighing scale E of 2000-pound capacity. The 
force from the jack was balanced by the reaction of the 
ball bearing on the dead center of the lathe. Except for 
a negligibly small frictional toraue, the specimen was 
therefore subjected to a pure toroue equal to the product 
of the force applied by the jack and the distance between 
the point of application of this force and the center line 
of the lathe. A steel ball ^ wqs u^ed to po^^ition accu- 
rately the point of application of the force exerted by 
the jack. 

The twist in the specimen was mepisurpd by gages, one 
of which is identified as 0 in f2^:ure 4. A close-up of 
one of these gagps is shown in fi;3are'5. Th^ twist was 
measured as the change in >in<e:le between two reflecting 
surfaces H attached to bars I by adjustable Joints L. 
The bars I were clamped to the specimen at tneir centers 
by li^-ht clamps J. The area of contact with the specimen 
was a small ring 1/2 inch in diameter.- Thii^ rin^r, allowed 
attachment of a bar to th^ specimen :)ver a rivet head. 
The pair of reflecting, surface^ H consisted of a 20-mil~ 
limeter 45^ prism and a piece of plate glass selected for 
flatness. The plate glass was treated to eliminate the 
back--Gur f ace image. The twist was meaj^ured by reading 
the changes in angle between the two reflecting surfaces 
H with the Tuckerman ■ aut ocoll imat'or K. The least count 
of the aut oc oil imat or as used was 0,00001 radian. 

The strains in the specimen were measured with 
Tuckerman optical strain gages used alone or with suitable 
adapters. The strains in the four corner posts were meas- 
ured over 10-inch gage Ir-ngths with 2-i-nch strain gages 
having 8-inch extensions. Other strains' on the outstand- 
ing portio-ns of the box were m.easured by 2-inch strain 
gages mounted directly on the box, while the strains on 
the less accessible portions were measured by a special 
transfer of the lever type described in detail in refer- 
ence 1. The strain on three gage lines 120^ apart was 
measured by three 1-inch strain gages mounted on a rosette 
adaiDt e r . 
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The "buckling of the sheet was o'bserved visually "bv 
suitable illumination, Errors due t o ■ f luc tuat i on-- of room 
temperature were minimized by ., conduct ing most- of the ex- 
periments at night. This procedure was found to he nec- 
essary in order to measure the small strains in the 
stringers and corner posts more accurately. 

RESULTS 



The measured twists "between "bulkheads are plotted in 
figure 6, The twist was measured "between all "bulkheads 
"by gages on the diagonally opposite lower east corner 
post an^ upper west corner post. The twist was also 
measured on the top center stringer "between "bulkheads 1 
and 2. figure 6 shows that the twist "betv/een a pair of 
"bulkheads was practically independent of the location of 
the twist gages; this result indicates that the "box 
twisted as a whole without apprecia"ble distortion of the 
cross section, Figure 6 also shov/R that the twist was 
symmetrical w i th . r e <?pec t to a transverse plane through 
the center cross, section of the hox. It is interesting 
to note that the measured twist "between "bulkheads 1 and 2 
and between "bulkheads 3 and. 4 was consistently higher 
than the- measured-twist at the center of the "box "between 
bulkheads 2 and' 3 , 

The 'twisting of the box was not uniform alon^: its 
length. Figure 7 shox^rs the variation of twist with posi- 
tion along- the box. The twist was measured over a 19- 
inch-gage length except at the ends of the box where the 
gage length was necessarily shorter. Figure 7 indicates 
that' the twisting was fairly uniform between the three 
center bulkheads of the box, dropped off- to a lowpr value 
in the unreinforced 5>ortions of the • end bays, and in- 
creased cons iderably ■ again between the ends of the box and 
points near the ends. The increa?^e in twist at the ends 
of the box is somewhat surprising; the box is apparently 
less stiff in torsion at the reinforced ends than at the 
center. This condition indicates that the reinforcement, 
substantial though it seems (fig. 3), wa"s unable to trans- 
fer the torque uniformly from the end plates to the sheet 
as well as to the longitudinal stringers and corner posts. 

The maximum shearing stresses at four points in the 
center bay are given in figure S. They were comT)uted 
from, the measured strains on... three gage lines intersect- 
ing at angles of 120° using E = 10.6 x 10^ pounds per 
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<^quare inch and Poigson*g i^atio w 0,32. In no ca?e did 
the direction of the maximum shearing stress computed 
from the measured strains differ from the perpendicular 
(or parallel) to the axis of the toT hy more than 1^. 'It 
is eviden.t. from figure 8 that the shearing stress in the 
shear web was nearly independent of the position "between 
"bulkheads. It is of interest to observe that the r-^tio 
of the shearing stress in the shear web to the shearing 
stress measured in the corner post, approximately 4.5, 
is very nearly equal to the inverse ratio Of the thick- 
nesses , 



The longitudinal strains induced in portions of the 
box by the twisting are given in figures^ 9 to 11. Figure 
9 shows the strains in the corner posts and in three 
stringers midway be-tween bulkheads 3 and 4, figure 10 
snows the strains in the corner posts and in three string- 
ers about 1 inch north of bulkhead 3, and fi.'ure 11 shows 
the variation of strain along one of the stringers and 
along an antiroll member. It is evident from these fig- 
ures that the induced longitudinal strains were very small, 
the largest amount being less than 0 , 00004 • c or r e sp ond i ng 
to a stress of only 425 pounds per sauare inch; this value 
was about one--sixth the maximum shear stress in the shear 
web (fig. 8 ) . 

Buckling was observed in the top and bottom cover 
plates of the box near the center section at a toraue of 
40,800 inch-pounds. The change in load distribution due 
to the buckling was insufficient to show in the strain 
measurements; the only observed effect was a slight in- 
crease in twist per unit twisting moment (fig. 6). 



The symbols used in the analysis are given in figure 
12 and are defined as follov/s: 



0,25 Q. Q75 
0. 075 



= 4.S 



SYMBOLS 



shearing f or 



ce apolied to ends of side' of box 



M 



bending moment applied to ends of side of box 



shearing forces apr-lied by bulkheads 1 and 4 



6 
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shearing forces appl i ed_ t>y- b-ul khe.ad s • 2 and .3 
T toroue applied to ends "of ^ox 

Si shearing force per inch along corner of "box "between 
, end, of iDOx-and "bulkhead 1 and "between l^ulkhead 4. 
and other end of "box 

S;a shearing force per. inch along corner of "bOT between 
bulkheads 1 and 2 - and b etweeii "bulkheads Z and 4 

S3 shearing force per inch along corner of box between 
bulkheads 2 and 3 

E Young^s modulus of elasticity/ 

G- shear modulus of elasticity 

A area of a side of box including reinforcements 
k "shear constant for side of box 

I moment of' inertia, including longitudinal reinforce- 
ment by stringers and corner posts, of a side of 
the box about an axis through center line and 
normal to plane of side 

T" shearing stress 

6 wall thickness 

2awidtnofside 
I length of box 

X distance from left end of box 

y transverse di splac<^ment of side in- its plane 

6 twist per unit length of box 

Sub script s : 

t one pair of sides 
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h other pair of sides 
b "bending deformations 
s shearing deformations 



ANALYSIS 
Bredt ' s Theory 



Bredt, in 1396, developed a theory for torsion in 
thin tulDes which is quoted Timoshenko on page 270, of 
reference 2. Thif^ theory makes use of th.^ meiril3rane anal- 
ogy to calculate the toraue re<?isted "by the tu'be. It 
assumes that the ends of the "box are free to warp and 
does not take account of bending stresses or of reinforce- 
ments such, as iDulkheads. On the "basis of Bredt ^s theory 
the twist per unit length in thp "box* would he uniform and 
given "by 



e = 



£. 2 



ds_ 
5 



where 



is the area enclosed hy the' "sides of the box 



and 



d_s 
6 



— is the integral around the hox of the recip-- 



rocal of the wall thickness. For this hox (fig. 1) 

6 = 2. 3 X 10"^ T 

Comparison of tnis formula with the observed twists given 
in figure 6 indicates that the box was twisted 20 to 50 
percent less than would be indicated by the formula. 

The shearing stress T in the shear web is, accord- 
ing to Bredt's theory, 
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T = 1 = 0.0278T 

This value is a"bout 18 percent les5= than the measured 
values plotted in figure 8. 

It is apparent that Bredt'<3 theory is inadeauate in 
descrilDing the torsion of the monocoaue "box. A more ac- 
curate description vra^ olDtained hy the analysis given in 
the following section. 



Torsion of Monocoaue Box with Bulkheads 

and Corner Posts 

An analysis of the torsion in a monocooue hox with 
"bulkheads and corner posts ^'-as derived "by treating the 
iDOx as an assenroly of four "beams with wide we'Os which are 
joined at the edges and to which transverse forces are 
ap"olied at the "bulkheads. 

This analysis differs from simil^.r analyses of hox 
beams in torsion by Heissner (reference 5), 3 oner (refer- 
ence 4), Williams (references 5 and 6), and Payne (refer- 
ence 7) in taking account of the effect of the individual 
"bulkheads instead of assum^ing the section of the box beam 
to remain rectangular at all points, as would be done for 
an infinite number of bulkheads. C on i d e r a t i on of the 
individual bulkheads seemed advisable in the present case 
of bulkhead spacings which are comparable with the trans- 
verse dimensions of the box, in order to com.iDute the 
forces acting on the bulkheads. 

It follow?s from the equilibrium of forces and moments 
acting on a portion of the side between adjacent bulkheads 
(fig, 12) that the longitudinal shear s per unit length 
at the extreme fiber must be const'^nt. At the section x 
= constant, where 41/5 < x < I, according to the simple 
beam theory: 



2^ 

2 



EI = - I'l + F (I x) - 2asi ( I - x) ' (l ) 



dx 



By integration 
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EI 



dx 



- Kx + 



(F - 2aPi ) 



r) 



+ constant 



(?) 



The integration constant may "be determined "by assuming 
rigid clamping of the sides at the end of the "box: 



dx 



t li e r e f o r e 



EI 



dx 



= M (I - X ) - ( 1 / 2 j ( r 



)(i - 



(S) 



According to the simple "beam theory this slope produces 
a longitudinal displacement a(dyt)/d>:) toward the ends 
of the box at one extreme fiher and an eaual displacement 
away from the end of the box at the opposite extreme 
fiber. The condition of continuity of the box requires 
these displacements to be equal at adjoinin,^: extreme 
fibers : 



dy 



tb 



dy.. 



dx 



hb 



dx 



(4) 



If eauation (3) is substituted in both sides of eouation 
(4),. 



M, (I - x)- (1/2; (F^ - 2atsi)(l - x)' 



■h 



In order for equation (5) to be true for all values of x, 
the coefficient?; of {I - x) and {l - x)^ miist eoual 
7 e r 0 . 



I. iv 



(6) 
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Between x = — and x = — 



EI ^^'^^ = - 3as3 (^41 _ 4. irrr _ + P ,^4 1 



^ M (8) 

5 

Integrating gives 



dy-^, / 8 as pi Sap-, I 4P-, I \ 

EI = ( -i- + M + Fl ) 

dx \ 5 5 5 y 



+ (as-.-. - — - —1 x^ + constant (9) 

4 I 

At X = the slope eiven "by eouati on? (r ) and (9) is 

5 

the same. This value determines the constant in equation 
(9). Substituting for the constant in eouation (S) its 
value gives 

dx V 2 2 / V 5 5 5 / 



ni _ . Ml ^ i^ii + ii^i^. ■ (10) 

2 25 25 25 



Substituting equation (10), in equation (4) and equating 
the coefficient of x^ to zero gives 
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S3 



/2at' 



2aii \ 
+ ——1 (11 J 



Eouating the coefficient of x and the constant term to 
zero lead<? ag-ain to equations (g) and (?). 

Similarly, "between x = — and x = — 



EI 

dx^ 



2a s . 



by V b 



+ ( |- - 



2 a R I 2 a s 3 I 
5 5 



- M (12) 



Integrating and determining the constant so that the slope 

at X = — - eauals the. value given "by equation (lO) result?? 

5 ■ " . 

in 



EI 



dx 



Sas^l 2as^l 



2 a s 2 ^ 
5 



4P. I 3Pp I 



- K + F I + 



5 



- .1 + Ml 



5 0 



50 



Qasil"^ Vas^l^ Qasjl^ 
, , . 

25 25 25 



(13) 



Substituting (13) in (4) and equating the coefficient of 



X to zero gives 



^3 = 



(lU) 
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The curva..ture — if? zero "by symmetry whpn x = 7- 

From equation (l2) thi^ value gives 

M = A± 4- ^ + —2 ^ ^ ^ (15) 

2 10 10 5 5 5 



In addition, there is a deflection of the side due 
to shear in its plane by the transverse forces P, P3. , 

and Po. The sloDe due to shear between x = and 
X = I is.* 

^-^ = k (16) 



where k is a constant depending on thR stress distriliu- 
tion (reference 8), lor example., a rectangular section 
that is free at the ends has a value of k - 1.5, while 
for the same section when clamped at the ends, k = 1.2. 
Between x = 3 I / 5- and x = 41/5, 



I' + P- 



(17) 



and "between x = 21/ 5 and x = ?l/5, 



•iys _ ^ ^ + Pi + 



dx 



GA 



(13) 



The slope of a side of the "bOT 'between r = 4l/5 
and X = I is, from eauations (s) and (l6), 



Ax 



5^ + 
dx dx 



1_ 
EI 



nil - x) - i(3 



2as,)(l - x) 



^ (19) 



GA 



Integrating this equation gives 
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2 o 



+ + constant (20) 
GA 



The increa^^e in y "between x = — and x = I is 

5 



^'^'^ 75 0 



kF ± 
GA 5 



(21) 



The "box must maintairj its rectangular section at the 
reinforced ends and at the hulkheads. The increase in 
transverse di stdI acement of the sides between end sections 
and "bulkheads must, therefore, he such as to produce rota- 
tion of all four sides through thn same angle: 



• ^ = ^ (22) 
ah at 

Substituting from equation (21) in equation (22) 
y i elds 

i fl5Mt - If I ^ + 2at s. I + Jri-1L_ 1 

= —J flSKhl" - F.i^ + 2av-sil^^ + '^^^ i (23) 



The increase in y TDetween x = — and is, from 

5 5 

equations ( 1 0 ) and ( 1 7 ) , 



Ay, 



750EI 



+ 12r 



3 3 



C-A 0 



(2^) 



FrOE eouaticn (22), 
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^ e e n x = ~^ — ■ " 

equation? (13; and (I6), 



The increase in .y between x = ^ and is, from 

o 5 



F 4" P + P 

+ ISas^l^ + 2rs^I^^ + k ~ ^ (26) 



When equation ( 22 ) i app 1 i ed , ' 
^_ ^-t + Pi, + P., lie, 



5 7o03I--,a.. V- 



&Ataj, 5 7i?03I-,at 



^ ?V. + Pi + Ps TV 

+ 12a>iSra + Sai.ssl ) + — ^ (-py) 

/ G-A, a, 5 



Simplifying eouations (23), (25), and (27) "by sul?- 
stituting for s^, sg, S3, and M their value? as given 
■by equations (7), (ll), (l4), and (I6), r e =^ p p c t i v e ly , 
gives 
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(ktFt)/(Atah) - (kh3'ii)/(Ahat) 



1^501 



n 



Ai,a 



(at ^ 111 ^hh) 



(29) 



0 = 37a.hFt - 37atFh + 31ahPit - 31at?ij^ + 13ahP2^ - 13atP2i, 



k^. lP^. + P, + Pp ) lii/lx+T-, + p.; ^ 



(30) 



It will "be imrraterial whether the corner posts are 
apportioned to the moment of inertia 1+ or since, 
in equations (28), (29), and (30), the moment of inertia 
enters only in the expression (a-^^Ih ^-h^^t)» which 
does not vary with this app or t i onir.en t . 



The torque aiDl^lipd to the- ends of the Idox is given 



T = 2a>,Ft + Sat^h 



Since the toroue applied at the hulkhpads is zoro, . . 

0 2ahPi^ ^ SatPi^ (^^2) 
0 = 2ahi'?. + 2afPo. (3?) 



2^ ' 2atP 



The six unknown forces F-^ » -^h » ^it' "^^h* "^-^t ' 

can now hr drtrrmined "by solving simultaneously f^qua- 

tions (23), (29), (30), (3l), (32), and (33) with the re- 
sult , 
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1 + 



' i J. 

112 + kCO A- I'^GAte; 



30U + 1600 + 130^ lf)OBlqi / 

— + ;r [Pa.' 



112 + hoc + 



+ a; 



■4 



0 



(3^) 



P- - 



1 + 



?/2.ai 



30U + 160c + 130^ I503ich 
112 + hO0~+ l^GAi.a^ 



30'-!- + 160c + 1-^G 
112 



+ 150C + 1-^G" IROSkt / p ^ \ 

■ ■ + ~ (at Iv. + a- "I.- ) 



(35) 



"^H - TT . . Ann — l~ - (36) 



112 


+ 400 + 


7 


2 + 180 


112 


+ 400 + 




24 + 60 * 



(— Ft - i^h) (37) 



^■t 112 + 40G + C2 \ah 



112 + 400 + 03 \at ^ ^/ ' • ^ 



The aver^fi'e twist per unit length in the end "bnyp 
"between x = 4l/5 and x = I is 'given lay ■ ' • 



= __,iL_i (40) 



9h ^ 



Substituting froir; equation (21) 



give s 
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150laiiEIt ^ ^ ^ / &Atah 



Su'b s t i tut ing for M-t and s^. their values as (f,iven by 
equations (15) and (7), respectively, yields 



61 = 7 ~ T (l^5ahFt - iSat^h 

300B(at^Ih + ah^It; 

Similarly, the average twist per unit len.^th in the second 
bay "between x = 3l/5 and x = 4 I /d . .is .fr oin eouation 
(34), 

83 = -J-! .— _ fpiah^t - ^latFh + ZoayyP^. 



2.00S(^at^Ih + a:V'lt) 

X Ft + Pi 
- 25atPiH SahP^t - SatPsj, ) + — 77 ^ ^^^^ 



and the average twist per unit length in the center "oay 
"between x = 21/5 and x = 3 1 / 5 is, frorr. equation (25), 

63 = ^ ^ ^77-^ (37ahPt - 57at^h + "'lahPit 



300S (at^Ih + av-/It) 
- 31atPi^+13av,P3,-l?a,P3j+k, " (^4) 
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COMPARISON BETWESI^T 'JHEORY AND EXPERIMENT 



The side t of the ^ox (fig. 12) was taken af^ the 
cover plate and included the stringers; the side h was 
taken as the shear wel) arid included the corner posts. 
F r 0 m f i ^^u r e 1 , ....... 

a-t = 12 inches 
a^ = 5 inches 
I =95inches 
I-|. = 46-. 0 inches'^ 
1'^ = 54.3 inches'^ 
A^ = 1.290 inches^ 

= 2.94 inches" 
^t^^h ^h'^It = 10,410 inche^^ 

The shear constr^nt k^ was determined on the iDasis 
that all the cover plate was effective in transmitting 
shear and that the stringer areas contributed nothing to 
theshearresistance: 



1. 1 = 390 p o^'^ 



The shear constant k]^ was deteririined on the 'basis 
that thos^e parts of the shear weh and the f^-inch rein-- 
forcing plate lying iDetween the cover plates (les^ than 
^in. from the center line) were effective in transmit- 
ting shear and that the rest of th^ corner -post arra 
contributed' nothing to th? shear rrsistance': 



3.94 

C.075 X 10 + 2 X 0.2^ X 1.698 



= 1.84? 
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The elastic properties are, from table I: 

E = 10,6 X 10^ pounds per square inch 
\i - 0.Z2 = Poisson^s ratio 

- - 4.01 X 10 pounds per square inch 



3(1 + n) 
The computed constants are 



^ TiT^ i -^h ^ ^h )i — r — + — r— - ^J- . 



15 0Sk. / \ 



The forces at the ends and at the "bulkheads are, 

from equations (34) to (oS), 

= 0 . 0:3080 T pounds 

= 0. 03300 T Dounds 

P^^ = 0. 0158 3 T pound 

P.^ -0.0 0660 T rounds 

P^^ = 0, 00408 T pounds 

^3h = -0.00170 T TDOunds 



It is interesting to note the rapid decrease in th 
force applied hy the "bulkheads in passing from the ends 
toward the center of the hox. 
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The average twists per unit length "between "bul'-^he^^di^ 
are, from eauations (42) to (44), 

IG^Gir- 0.00105 T radian per inch (end hay hetween and l) 

5 

10^&;5 = 0,001 6U T radian per inch (second hay hetween x=-li and x= ilL) 

5 'D 

10^6 = 0,00175 T radian -oer inch (center hay hetween and x=2±.) 

These twists are compared ^-^ith the measured t^'-^ists in fig-- 
ure 6. The theory gives a consistent increase in twist 
per unit length in passing: from the ends toward the cen- 
ter, while the measurements show ahout 10 percent less 
twist for the center hay than for the two adjacent hays* 
(Sep also fig. 7.) 

The average shearing force per unit depth of center- 
hay shear weh is 



Fh+Pi^+P:.^^ O.Q-^-^OO -.0,00660- O.OCI7O 

~= 0,002^7 T po-^uids per inch 



2a^^ 2 X 5 



Since the forces resisting hending are mostly in the cor- 
ner posts, the shearing: force should he nearly constant, 
except at the corner posts, and the shear stress may he 
ohtained hy dividing the shearing force per inch hy the 
thickness of the wall. On this ha sis, the stress at the 
center of the 0.075'-inch shear weh is 



0^^2,47^ = 0,0329 T pounds per sauare inch 
0.075 

and for the stress at the inner side of the 0.25-inch re- 
inforcing plate 



0.0 0 2A7_T ^ 0.0076 T pounds per square inch 

0. 250 4- 0,075 
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These' stresses are compared with the measured stresses in 
fi^Ture 8. The theoretical value?: agree cl'osely with th':^ 
.measured values. 

The strain due to hending.in the upi^er corner post 
of-the t side or the lower corner post of the h side 
(fig. 12) is 



at 



/h 

7 I 

Mi;, ana vi-i; wn:n x = 

this expression reduces to 



From eauations (S), (l5), (ll), and (l4) with x = 



5E(at^Ih+ aii^It 



^h^t + atFv, - m^,^ + at?!,^ - 4- = 11 . 71 T X 10' 



and, with x = "^^^ Id;/ use o-f equations (l2), (15), (?), 
(ll), and (l4) the express iorj r-educes to 



190E( 



(^at^^Ila+ ah ^ty ^ ^ 



These theoretical valuer are sho^'^m in fic^urer 9 and 
10. Theoretical value^- for the strains in the stringers, 
derived on -t he . as sumpt i on that thf^ strain due to "bending 
"vari eg. linearly across the sides of the bo t,. are also 
given 'in flexures 9 and 10, The theoretical and observed 
values are in af^reement* 

The "buckling load of the cover plate was computed 
from valuer for the critical "buckling stress ,^iven in ref- 
erence 9.. The cover plate was divided by the stringers 
and "bulkheads into panels having a width to length ratio 

of — = 0.21. The thickness of the "nlate was 0.026 inch 
19 ^ 

and the width 4 inches. If it is-assumed that the string- 
ers give simple support, the critical "buckling stress is 
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. . T.^p (BiLiple support.) = 226.0 pounds per sauare inch 

If it is assumed that the stringers ^rive .clamped support 
and that the ratio of critical loads for clamped and sim- 
ply supported plates having a width to length rntio of 
0,21 is the same as the ratio for infinitely long plates, 

T^^ (clamped) = ^ ' 2260 = ?790 pounds per sauare inch 

The shearint^' stress at the center of the cover plate 
(tside)is 



^ P ^.p V iL-061 f 0.02080 ^ 0, 0158 2 + 0. 00408^^ 
t \ ^ ^tj 1 . 290 



=: 0.0651 T pounds per snuare inch 



The critical toroues are therefore 



T (simple sur)T)ort ) = ^260 34,700 inch-iDOunds 

0.0651 

T (clam-ped) = — 5Z.?„Q^ 58,200 inch-pounds 

0,0651 

The measured value of the: critical torque was 40,300 
inch-pounds, a value "between the theoretical values corre- 
sponding to clamped and simr)le s\ipt)0rt at the stringers, 

CONGLUSIOITS 



The measured twist in the monocooue "box between 1du Ik- 
heads 1 and 2 and l^etween 'bulkheads' 3 and 4 was consistent 
ly higher than, the measured twist at the? center of the box 
l)etween huli<:heads 2 and 3. The reinforcement at the ends 
of 'the loox, substantial though it seems, was unable to 
traiisfer the torque uniformly from 'the end plates to the 
sheet as well as to the s t r i r i g e r s and corner posts. 
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The shenr st^'ess in the shear welD was independent of 
the position "between "bulkhead? within the error of meas- 
urement. The ratio of measured shearing stress in the 
shear welD and in the corner post was inversely propor- 
tional to the wall thickness at the points of measurement, 

Tiie m^easured longitudinal strains were very sm.all , 
the larf^est being less than 0.00004 corresponding to a • 
stress of only 425 pounds per square inch; this value was 
about one-sixth th.e miaximum measured shearing stress. 

Buckling was' observed in the cover plates near the- 
center section of the box at a torque of 40,800 inch- 
pounds. This buckling caused only a slight decrease in 
the stiffness of the boxfor higher moments. 

Comparison, of the mieasured twists with 3redt*s theory 
indicates that the box was twisted 20 to. 50 percent less 
than this theory would indicate. Comparison of the meas- 
ured shearing stress with Bredt's thpory indicates that 
his theory gives values about 18 percent less than the 
m e a-s u r e d V a 1 u e s . 

Using an analysis of the torsion in a monocoaue box 
with bulkheads and corner posts derivE:d by treating the 
box a? .an assembly of four beams with wide webs joined at 
the edges and subjected to transverse forces at the bulk- 
heads, a check of the ir.easured-twist within 10 percent 
was obtained. This analysis also gave theoretical values 
of the shear ing stresses and longitudinal stresses which 
agreed closely with the measured values. 

The observed buckling load of t.he cover sheet, was 
between the com.puted values for simple support and cl-amped 
supoort at the edges. 



National Sureau of Standards, 

Washington, D. C, April 2, 1942 
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Figure Details of monocoque-box specimen. 
All dimensions in inches. 
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Figure 4.- Monocoque box mounted for torsion test with strain gages and twist gages 
attached . 
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Figure 6.- 
Average 
twist of 
monocoque 
box between 
bulkheads. 
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Figure ?.- Variation of average twist with position along box. (Gage length 
of 19 in. except at ends where gage length is twice the distance 
from the point in question to the end of the box.) 
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Figure 8.- Shearing stresses in shear 

web, center bay between 
bulkheads 2 and 3. 
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Figure 9.- Strains midway between bulkheads ^• 
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Figure 10.- 
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Figure 11.1- Strain on top of box along top of stringer eg 

4 between bulkheads 2 and 3 and along 
antiroll mjember on top of bulkhead 2. g 



Figure 12,- Sketch showing symbols used in theory. 



